Small teleost fish including zebrafish and medaka have been used as animal models for research because of their small body size, vast amounts of eggs produced, their rapid development, low husbandry costs, and transparency during embryogenesis. Although the body size and appearance seem different, fish and mammals including human still possess anatomical and functional similarities in their brains. This review summarizes the similarities of brain structures and functions between teleost fish and mammalian brains, focusing on the dopamine system, functional regionalization of the cerebellum, and presence of the nucleus ruber.
Introduction
Small teleost fish including zebrafish and medaka have been used as animal models in developmental biology, comparative anatomy, and physiology because of their small body size, vast amounts of eggs produced, their rapid development, low husbandry costs, and transparency during embryogenesis (Aida 1921; Streisinger et al. 1981; Grunwald & Eisen 2002; Wittbrodt et al. 2002) . In the field of neuroscience, the motor system (Muto et al. 2011) , the visual system (Filosa et al. 2016) , the cerebellum (Takeuchi et al. 2015) , monoamine neurons (Reinig et al. 2017) , neuroendocrinology (Ben-Moshe Livne et al. 2016) , learning and memory (Roberts et al. 2013; Bailey et al. 2015) , mating behaviours (Okuyama et al. 2014 ) and emotional behaviours (Chou et al. 2016) have been studied using teleost fish models.
Zebrafish and medaka are classified as vertebrates. Higher animal models exist, including mouse, rat, and monkey, as well as small invertebrate animal models including flies (Drosophila melanogaster) and worms (Caenorhabditis elegans). However, teleost models possess several advantages over other models. During the embryonic and larval stages, small teleost fish, both wild types and mutant lines lacking pigmentation, are relatively transparent allowing excellent conditions for imaging (White et al. 2008; Antinucci & Hindges 2016) . Teleost fish are small but possess lots of brain structures equivalent to those of mammals and may exert similar neuronal functions found in higher vertebrates (Wullimann et al. 1996; Northcutt 2002; Maximino et al. 2015) . Such similarity is important for the study of neuronal function and neurological disorders, because most brain functions are exerted by complex communication between neuronal networks, and neurological and psychiatric disorders display phenotypes and pathologies based on these networks (Braak et al. 2003; Brockington et al. 2013 ). This review summarizes the networks and functions of the dopamine system, regionalization of the cerebellum and presence of the nucleus ruber in teleost fish and mammalian brains.
Dopamine system
In the early 1960s, dopaminergic neurons were identified and divided into several groups (Carlsson et al. 1962; Falck et al. 1962; Dahlstr€ om & Fuxe 1964) . Dopaminergic neurons can be categorized into A8-A10 (diencephalon-midbrain), A11-A15 (diencephalon), A16 (olfactory bulb), and A17 (retinal) groups (Smeets & Gonz alez 2000) . These neurons express tyrosine hydroxylase 1 (TH1). TH2-positive dopaminergic neurons are also found in vertebrates, except for mammals (Yamamoto et al. 2010) .
The diencephalon-midbrain clusters of dopaminergic neurons (A8, A9, and A10) have been intensively studied in mammals including human because these clusters in the human brain are related to Parkinson's disease and other disorders (German et al. 1989) . In contrast, the function of diencephalon-midbrain dopaminergic neurons in teleosts has not been well studied. However, recent studies of teleost dopamine neurons on the projection, function or disease models may predict the equivalent structures of mammalian diencephalon-midbrain dopaminergic neurons in teleost fish.
Most A9 (substatia nigra pars compacta [SNc] ) and A10 (ventral tegmental area [VTA] ) neurons are located in the midbrain in mammals but some extend to the ventral diencephalon. A8 neurons form dorsal and caudal extensions of A9 neurons and project to striatal, limbic, and cortical areas. A9 neurons project to the striatum along the nigrostriatal circuit and A10 neurons project to limbic and cortical areas along the mesolimbic and mesocortical pathways (Bentivoglio & Morelli 2005) . Unlike mammals, dopaminergic neurons do not exist in the midbrain of teleosts, but are located in the paraventricular organs, the periventricular nucleus of the posterior tuberculum, and the posterior tuberal nucleus (Rink & Wullimann 2001 . Some dopaminergic neurons in the periventricular nucleus of the posterior tuberculum project to the subpallium, indicating that these neurons are equivalent to mammalian A9 and A10 neurons (Rink & Wullimann 2001; Tay et al. 2011) . In support of this idea, the transcriptional factors Pitx3 and Lmx1b, markers for the midbrain dopaminergic neurons in mammals, also express in the diencephalon that might contain precursor cells of dopaminergic neurons (Filippi et al. 2007) . Furthermore, Nurr1, which is indispensable to the differentiation of midbrain dopaminergic neurons in mammals, is responsible for the expression of TH in the teleost dopaminergic neurons in the posterior tuberculum (Blin et al. 2008) .
We have utilized teleost fish to study Parkinson's disease because it is not easy to reproduce this disease in mice or other animal models. Parkinson's disease is characterized by movement disorders, neurodegeneration, and inclusion bodies named Lewy bodies. The pathogenesis of this neurodegenerative disease remains largely unknown (Kalia & Lang 2015) . In Parkinson's disease, A9 dopamine neurons in the SNc are particularly vulnerable compared with other dopamine clusters (Damier et al. 1999) . Dopaminergic networks have been reported in zebrafish (Rink & Wullimann 2004) , and we have demonstrated that a similar network of dopaminergic neurons exist in medaka fish (Matsui et al. 2009 ).
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA) are reportedly toxic to dopaminergic neurons in many animal models (Ungerstedt 1968; Jenner & Marsden 1986; Przedborski et al. 2001) . Dopaminergic neurons in the periventricular nucleus of the posterior tuberculum in medaka fish are more vulnerable to MPTP and 6-OHDA than other dopaminergic clusters (Matsui et al. 2009 (Matsui et al. , 2010a . Medaka fish exposed to these toxins show reduced spontaneous swimming movements similar to movement disorders in human Parkinson's disease patients (Matsui et al. 2009 (Matsui et al. , 2010a . We also generated pink1, parkin, atp13a2, and gba mutant medaka fish: each of these genes in human has been linked to familial or idiopathic Parkinson's disease (Matsui et al. 2010b (Matsui et al. , 2013a Uemura et al. 2015) . Similar to toxin-induced models of Parkinson's disease, dopaminergic neurons in the periventricular nucleus of the posterior tuberculum were prominently affected in these mutants. Laser ablation of these dopaminergic neurons reduced spontaneous swimming movements in zebrafish (Jay et al. 2015) , indicating that these neurons have similar vulnerability and physiological roles to mammalian A9 neurons.
Posterior tubercular/hypothalamic dopamine neurons in teleosts require Nkx2.1 and Orthopedia for their specification, similar to A11 neurons in mice L€ ohr et al. 2009; Kastenhuber et al. 2010) . Furthermore, mammalian A11 neurons and some teleost dopaminergic neurons in the periventricular nucleus of the posterior tuberculum both project to the spinal cord (Becker et al. 1997; Tay et al. 2011) . These data suggest that a subset of dopaminergic neurons in the teleost correspond to mammalian A11 neurons. These "A11" neurons contribute to the development of zebrafish locomotor behavior from long, infrequent episodes of swimming to short, frequent episodes of swimming (Lambert et al. 2012) .
Teleost dopaminergic neurons in the anteroventral part of the preoptic area regulate the release of luteinizing hormone from the anterior pituitary. This is similar to mammalian A12 neurons, but with some differences in the pattern of projection (Kah et al. 1984; Busby et al. 2010) . In mammals, A12 neurons project to the median eminence, which is not protected by the blood-brain barrier. Here, dopamine is released into portal blood vessels and inhibits luteinizing hormone release from the anterior pituitary (Dailey et al. 1978; Leebaw et al. 1978) . In contrast, teleost dopamine neurons in the anteroventral part of the preoptic area directly innervate the anterior pituitary (Kah et al. 1984) . This area may also contain A14 dopaminergic ª 2017 Japanese Society of Developmental Biologists neurons in teleosts (Saha et al. 2015) . However, establishing the boundary between different groups of dopaminergic neurons and determining neuronal homology between teleosts and humans remains difficult.
Dopaminergic neurons in the teleost prethalamic area are likely to be homologous to A13 dopaminergic neurons in mammals, which project to the dorsolateral column of the periaqueductal gray (Messanvi et al. 2013) and central nucleus in the amygdala (Eaton et al. 1994) . Similar to mouse, Arx and Isl1 are mandatory for the development of prethalamic dopaminergic neurons (Filippi et al. 2012) . However, little is known about the function and projection of "A13" neurons in teleosts.
Although the distinction of different groups has not been completely established in teleosts, the structure and function of dopaminergic neurons seems to be similar between mammals and teleosts ( Fig. 1) . Further studies are needed for the development, projection and functions of each dopaminergic cluster in teleost to clarify the correspondence relation between mammalian and teleost dopaminergic neurons.
Cerebellum
The teleost cerebellum is reviewed elsewhere in this special issue, and further reviews or articles have also been published (Bae et al. 2009; Hashimoto & Hibi 2012) . Therefore, in this section we discuss functional regionalization of the teleost and human cerebellum based on our findings (Matsui et al. 2014a) .
Mammalian cerebellum is composed of 10 lobules, from lobule I to lobule X, whereas teleost cerebellum is consisted from three lobular structures (Butler & Hodos 1996; Wullimann et al. 1996; Hashimoto & Hibi 2012) . These lobular structures are the valvula cerebelli, the corpus cerebelli and the vestibulolateral lobe. Neurons and glia of the mammalian cerebellum are arranged in a three-layer structure: the molecular layer, the Purkinje cell layer and the granule cell layer (Carpenter 1991; Llinas et al. 2004; Hashimoto & Hibi 2012) . The molecular layer is located at the superficial and contains the dendrites of Purkinje neurons, axons of granule cells (parallel fibers), fibers of Bergmann glia, basket cells and stellate cells. The Purkinje cell layer contains somata of Purkinje neurons, Bergmann glia and candelabrum cells. The granule cell layer contains granule cells, Golgi cells, Lugaro cells and unipolar brush cells (Carpenter 1991; Llinas et al. 2004; Hashimoto & Hibi 2012) . Most of these cells, fibers and layered structures are well preserved in the teleost cerebellum, although the presence of basket and candelabrum cells has not been reported (Bae et al. 2009; Hashimoto & Hibi 2012) .
In mammals, cerebellar efferent systems are mainly mediated via the deep cerebellar nuclei, which are located ventrally in the white matter, far from the Purkinje neurons. These nuclei receive GABAergic inputs from Purkinje neurons. Teleost cerebellum lacks deep cerebellar nuclei, instead, eurydendroid cells, constitute major cerebellar efferents. Eurydendroid cells are located within or close to the Purkinje cell layer. The eurydendroid cells receive GABAergic inputs from the Purkinje cells. Based on these findings, eurydendroid cells could be considered as an equivalent structure of the mammalian deep cerebellar nuclei (Ikenaga et al. 2006; Bae et al. 2009) .
Climbing fibers and mossy fibers are two main afferents of the cerebellum both in mammals and teleost. Climbing fibers are projected from the inferior olive and innervate the soma or proximal dendrites of Purkinje neurons (Carpenter 1991; Llinas et al. 2004; Hashimoto & Hibi 2012) . Mossy fibers are projected from the other precerebellar nuclei. These nuclei include reticulotegmental nuclei, external cuneate nuclei, lateral reticulate nuclei and pontine gray matter nuclei in mammals (Carpenter 1991; Llinas et al. 2004) . In teleost, precerebellar nuclei projecting mossy fibers include the dorsal tegmental nuclei (Bae et al. 2009 ) and the pretectal neurons (Volkmann et al., 2010) , and there should be other nuclei projecting the mossy fibers (Hibi & Shimizu 2012) . The mossy fibers innervate the granule cells dendrites and the information is ª 2017 Japanese Society of Developmental Biologists conveyed via parallel fibers to the distal dendrites of Purkinje neurons (Carpenter 1991; Llinas et al. 2004) .
Two hundred years ago, it was widely believed that the cerebellum influenced all motor activities and the smoothness and effectiveness of movement (Rolando 1809; Flourens 1824). Bolk proposed that specific cerebellar lobules control specific muscle groups. This was the first indication of functional localization in the cerebellum (Bolk 1904) , which was later widely accepted. For a detailed research history of cerebellar localization, please refer to the excellent review by Manni and Petrosini (Manni & Petrosini 2004) .
From the functional and connectional viewpoints, the mammalian cerebellum is largely divided into three parts: the vestibulocerebellum (archicerebellum), spinocerebellum (paleocerebellum), and cerebrocerebellum (neocerebellum, pontocerebellum). Furthermore, the mammalian cerebellum is compartmentalized along the mediolateral axis: climbing fibers originated from a sub-region of the inferior olive innervate-specific Purkinje neurons and these Purkinje neurons project to the specific region of the deep cerebellar nuclei or vestibular nuclei (Apps & Garwicz 2005; Apps & Hawkes 2009 ). Various gene markers including zebrin II also show a striped pattern along the mediolateral axis in the mammalian cerebellum (Apps & Hawkes 2009 ). In contrast, zebrin II or other markers do not show specific compartmentalization in the teleost cerebellum (Brochu et al. 1990; Bae et al. 2009 ). This raises a question about whether and how teleost cerebellum is functionally regionalized.
We investigated whether cerebellar regionalization was similar in zebrafish by analyzing efferent connections, neuronal activity, and optogenetic effects on zebrafish behaviors. Many Purkinje neurons project to the vestibular system, either directly or via eurydendroid cells. In contrast, a small and concentrated cluster of eurydendroid cells are located in the rostro-medial part of the zebrafish cerebellum, which project to the spinal cord, nucleus ruber, thalamus, and reticular formation. During induced swimming, neuronal activity increases in this region of the Purkinje layer. This activation was distinct from the activation of the caudal part of the Purkinje layer during saccadic eye movements. Interfering with the activity of caudal Purkinje neurons disturbed saccadic eye movements while impaired activation of rostro-medial Purkinje neurons disrupted normal swimming movements (Matsui et al. 2014a) . Collectively, the teleost cerebellum possesses at least vestibulocerebellum and spinocerebellum (Fig. 2) .
The cerebrocerebellum is phylogenetically the newest portion of the cerebellum and comprises two lateral regions of cerebellar hemispheres. It communicates with the cerebral cortex through two circuits: input from cerebral cortex via the pons to the cerebellum, and output from the cerebellum to the cerebral cortex via the dentate nucleus and thalamus (Schmahmann & Pandya 1997) . The cerebrocerebellum is involved in attention shifting (Akshoomoff & Courchesne 1992; Courchesne et al. 1994; Allen et al. 1997) , visuo-spatial problem solving (Kim et al. 1994) , planning of complex movements (Thach 1996) , procedural learning (Doyon 1997; Molinari et al. 1997) , and language (Raichle et al. 1994; Mari€ en et al. 2014; Moberget et al. 2014) . These findings suggest that cerebellar-mediated cognitive functions are processed in the cerebrocerebellum. The size of the cerebrocerebellum increased rapidly in hominoids (MacLeod et al. 2003; Barton & Venditti 2014) . Pontocerebellar projections exist in mammals and birds (Clarke 1977; Altman & Bayer 1978; Brodal 1982; Wingate & Hatten 1999) , but the presence of such pontocerebellar projection is not clear in reptiles, amphibians, and fish (Bangma & Ten Donkelaar 1982; Rahimi-Balaei et al. 2015) .
Fish telencephalon seems not to contain the layered structure like mammalian cerebral cortex (Ito & Yamamoto 2009 ) and some might think that fish do not have a cerebrocerebellum. However, the fiber connections suggest the possibility that neuronal populations functionally equivalent to layered cerebral cortex in mammals may exist in the teleost telencephalon (Ito & Yamamoto 2009 ). The dorsal tegmental nucleus, paracommissural nucleus, dorsal preglomerular nucleus or lateral valvular nucleus, can all be a relay point for the indirect telencephalo-cerebellar pathway in teleosts (Wullimann & Meyer 1993; Imura et al. 2003; al. 2004) . Therefore, these might be homologues of the mammalian pontine nucleus. Some of these relay points will convey higher cognitive information between the telencephalon and cerebellum, and indeed, fish cerebellum participates in fear conditioning (Yoshida & Hirano 2010) or spatial cognition (Dur an et al. 2014) . Further investigations are required to determine whether telencephalo-cerebellar pathways in teleosts are primordial cerebral cortex-cerebrocerebellum circuits and whether the teleost cerebellum participates in various cognitive functions.
Nucleus ruber
The nucleus ruber (or red nucleus) receives input from the contralateral cerebellum and projects to the contralateral spinal cord (Ten Donkelaar 1988) . It acts as a supraspinal center in tetrapods to control forelimb movements. Nucleus ruber has been identified in various mammals (Lawrence & Kuypers 1968; Murray & Gurule 1979; Liang et al. 2012 ) and non-mammalian tetrapods (Ten Donkelaar 1976; Wild et al. 1979; Ten Donkelaar et al. 1981) .
During our investigations of functional regionalization in the zebrafish cerebellum, we identified a structure that receives input from the contralateral but not the ipsilateral in larvae and adults (Matsui et al. 2014a,b) . In larvae, we used plasma-membrane-targeted Venus to track the axons of eurydendroid cells. Some of these axons reached the contralateral nucleus in the midbrain tegmentum. In adults, we expressed wheat germ agglutinin (WGA), a genetically encoded anterograde tracer, in Purkinje neurons of the half side of the cerebellar corpus, and observed WGA signals in the contralateral nucleus of the midbrain tegmentum. In both cases, tracer signals were not detected on the ipsilateral side.
To investigate whether the same structure projects to the contralateral spinal cord, we injected the retrograde tracer DiI into the boundary between the spinal cord and the medullar oblongata, where motor neurons that innervate the pectoral fins are located (Ma et al. 2010) . We detected DiI signals in the contralateral midbrain tegmentum, which is the same region receiving input from the contralateral cerebellum (Matsui et al. 2014b) . In sum, this structure in the zebrafish midbrain tegmentum fulfills the demands for the nucleus ruber.
Many groups have tried to identify the nucleus ruber in teleosts, but the published results are inconsistent (Prasada Rao et al. 1987; Wullimann & Northcutt 1988; Becker et al. 1997; Folgueira et al. 2006) . There have been two candidates for the nucleus ruber in teleosts, both of which exist in the midbrain tegmentum.
One is nucleus ruber of Goldstein (NRg) (Goldstein 1905 ) and the other is nucleus ruber of Nieuwenhuys and Pouwels (NRnp) (Nieuwenhuys & Pouwels 1983) . The NRg is present in the rostral midbrain tegmentum and ventrolateral to the nucleus fasciculi longitudinalis medialis (Goldstein 1905) . The NRnp is present in the caudal midbrain tegmentum and ventrolateral to the oculomotor nucleus (Nieuwenhuys & Pouwels 1983) .
What we identified in zebrafish is NRg (Matsui et al. 2014b ) and the NRg seems to be a rubral homologue because of the following reasons. First, the NRg projects to the contralateral spinal cord like the nucleus ruber of tetrapods (Prasada Rao et al. 1987) , but the NRnp projects to the ipsilateral side (Oka et al. 1986 ). Furthermore, recent comprehensive analysis of the nucleus ruber in various fish species supports the idea that the NRg is a rubral homologue (Nakayama et al. 2016) . Tetrapods are thought to share a common ancestor with sarcopterygians, and tetrapod limbs are thought to be evolved from fins (Meyer & Wilson 1990; Yano & Tamura 2013) . Nakayama et al., demonstrated that the NRg is present in all major taxa of actinopterygians but the NRnp is absent in basal actinopterygian taxa (Nakayama et al. 2016) . The authors concluded that the NRg is a rubral homologue from the phylogenetic distribution pattern and the NRnp might be emerged during the course of actinopterygian evolution (Nakayama et al. 2016) .
The presence of the nucleus ruber in many fish species suggests that this structure is important for the motor control of pectoral fins. However, the lack of a specific molecular marker or a knockout model for the nucleus ruber has limited functional analysis in fish. Hopefully, these tools will be developed in the future.
Conclusions
Genes are highly conserved among various species. For example, more than 60% of Drosophila melanogaster genes have human homologues (Adams et al. 2000; Dos Santos et al. 2015) . This means that various animal models can be used to study the role of a particular gene and protein in human physiology and disease. Equally, if brain structures, networks, and activities are similar among vertebrates, then the exerted functions should be analogous. Future research will uncover the similarities and differences between fish brain and human brains. 
